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The Determination of Photoneutron Thresholds* 
WilliamS. Rawls and L. J. Laslett 
ABSTRACT 
The photoneutron thresholds of twelve nuclides were measured, using 
the Iowa State College synchrotron and its associated energy control 
device. 
The delayed neutron detection method was used, in which four pro-
portional neutron counters were embedded in a paraffin neutron house; 
a delayed electronic gate permitted neutrons to be detected during a 
600-microsecond interval beginning 50 microseconds after beam ex-
traction. Two methods were used to monitor the synchrotron beam 
intensity: 1) by a transmission ionization chamber placed in the path of 
the synchrotron beam, and 2) the Newkirk method in which the photo-
neutron yield from the sample during alternate cycles of the machine, at 
some fixed reference energy setting, acted as the monitor. 
A calibration curve for the energy control device (integrator) to 
convert integrator settings into electron momenta was obtained, using 
measured thresholds of deuteriuxn, lithiuxn 7, lanthanuxn, praseodymiuxn, 
copper 65, manganese, copper 63, and aluxninuxn, together with their 
respective last neutron binding energies as calculated from precision 
mass data. A modified calibration curve was drawn, for which the 
integrator setting and associated electron momentuxn at injection time 
* '!'his report is based on a Ph. D. thesis by William S. Rawls submitted 
March, 1959, to Iowa State College, Ames, Iowa. This work was done under 
contract with the U. S. Atomi c Ene-rgy Commission. 
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provided an additional calibration point. This modified calibration 
curve was judged to be more reliable than the first curve because the 
injector voltage could be determined with good absolute accuracy and the 
location of the corresponding point was particularly favorable to improve 
the accuracy on the lower portion of the calibration curve. 
The measured thresholds of vanadium, yttrium, and phosphorus 
were studied, and spin and parity selection rules employed in an 
attempt to identify the breaks as due to ground state transitions or as due 
to transitions to excited nuclear levels. In some cases it is apparent 
that a true threshold might be overlooked experimentally when the 
corresponding transitions are suppressed, and an apparent threshold 
results from transitions to an excited state. 
The threshold of bismuth was measured, using the abovementioned 
+ calibration curves, and a threshold value of 7. 40- 0. 05 Mev (standard 
error) was assigned to this element. 
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I. INTRODUCTION 
A. Review of Previous Work 
The determination of photoneutron thresholds, as well as photoneutron 
yields and cross-sections, has been of interest for some time. Review 
articles, concerning both theoretical and experimental aspects of this 
phase of nuclear physics, have been written by Strauch (1), Berman (2), 
and others. 
The photoneutron threshold represents the binding energy of the last 
neutron, i.. e. , the neutron separation energy. The variation in neutron 
and proton separation energy in a group of nuclides provides information 
on the nature of forces between nucleons ( 3). This variation in nucleon 
separation energies is particularly helpful in detecting closed shells 
which are predicted by the shell model of the nucleus (4, 5). Thus, the 
binding energy of the last neutron in a closed shell should be larger than 
the last neutron binding energy for one neutron outside the closed shell. 
The masses of the stable isotopes of most of the lighter elements 
have been determined quite accurately by precision mass spectroscopy 
(6, 7, 8, 9, 10, II). Use of these masses, in conjunction with Q values 
obtained by reactions other than photoneutron thresholds (12, 13, 14, 15) 
enables one to calculate neutron separation energies. This method is 
particularly useful in obtaining a calibration for the energy control 
device used in conjunction with the accelerator employed to study photo-
neutron thresholds and yields. Conversely, for the heavier elements 
in which some masses are not at all well known, it may be profitable to 
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use a known isotopic mass value in conjunction with an experimentally 
determined neutron separation energy, in order to determine the mass 
of an isotope whose neutron number differs by one from that of the 
isotope of known mass. Thus, a number of unknown isotopic masses 
can be determined with the help of measured photoneutron thresholds. 
During the past ten years photoneutron thresholds have been deter-
mined for many of the nuclides by several investigators (16, 17, 18, 19, 
20). Most of these studies have used betatrons as particle accelerators. 
Some rather extensive atomic mass compilations based upon spectro-
scopic mass measurements and experimentally determined Q values 
have been compiled by Wapstra (21, 22), Giese and Benson {11), and 
others. 
It has been pointed out by Tobin and co-workers (20) that one must 
exercise caution in deriving neutron binding energies from observed 
thresholds, since spin and parity changes may be such that ground state 
transitions are inhibited; thus, transitions to excited levels may be 
favored over ground state transitions. In some extreme cases the 
observed threshold is not due to a ground state transition and repre-
sents an apparent threshold, rather than a true threshold. The above 
investigators have cited germanium as an example. It seems, then, 
that in assigning neutron separation energies based upon measured 
photoneutron thresholds, one should always consider the spin and 
parity changes involved. Excellent compilations of nuclide energy, 
spin, and parity assignments are given in the review articles by 
Strominger and co-workers (23), Endt and Braams (14), King (12), 
and Lidofsky (15). 
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B. Statement of the Problem 
The purpose of this investigation was twofold. First, it was desired 
to calibrate the integrator, or energy control device, used in conjunction 
with the Iowa State College synchrotron by measuring several photo-
neutron thresholds. The nuclides chosen should be among the lighter 
elements, so that accurately measured masses, in conjunction with 
Q values determined by methods other than photoneutron experiments, 
could be used to calculate the photoneutron thresholds. Also, the 
nuclides should be so chosen that the thresholds occupy a representative 
range of energies. In some cases, where spin and parity changes are 
suitable, well-defined breaks in the photoneutron yield curve may 
appear a few hundred kolovolts above threshold due to transitions to 
the low-lying levels of the excited product nucleus. These transitions 
are in competition with the ground state transitions. Thus, it was 
anticipated that, in some cases, breaks in the photoneutron yield curve, 
due to transitions to excited levels whose values have been accurately 
measured, might serve as useful calibration points for the integrator. 
The second purpose of this investigation was to measure the photo-
neutron thresholds of some other nuclides in which the agreement 
between calculated and previously measured values was not as close as 
one might expect, or at least the experimental value had not been well 
established. 
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II. EXPERIMENTAL INVESTIGATION 
A. Method Used 
There are two widely used methods for the determination of photo-
neutron thresholds and yields. One of these methods is based upon the. 
fact that the product nuclide may be unstable and undergo beta decay with 
a known half-life. Since the decay rate is proportional to the number of 
excited nuclides which have resulted from the photoneutron reaction, 
this method is quite straightforward and has been used by a number of 
investigators (16, 24, 25 ). The procedure is to bombard the sample in 
an x-ray beam for an appropriate length of time, transfer the sample to 
a lead shield, and measure the activity by either Geiger counter or 
scintillation counter technique. 
The second method employs the direct detection of neutrons emitted 
by the photoneutron reaction and has been used by several investigators 
in recent work {18, 26, 27, 28). In this method proportional counters are 
embedded in a paraffin house which moderates the neutrons generated 
in the sample located inside the house. The neutron proportional 
counters are either of the boron-lined or boron trifluoride-filled type. 
In either case, neutrons are detected by the reaction: 
Since both the helium and lithium nuclei are ionizing particles, the con-
struction and action of a neutron counter is otherwise identical to a 
conventional proportional counter (29, 30). This latter method is the 
one which was used in this investigation. 
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Each of the above detection methods has certain advantages and dis-
advantages. The second method does not distinguish between (y, n), 
(y, 2n), (y, 3n}, etc. processes. This is of no consequence in deter-
mining photoneutron thresholds, but it must be taken into consideration 
in measuring photoneutron yields and eros s- sections. The first method 
cannot be used unless the product nuclide is left in an excited state 
with a decay half-life which is neither too short nor too long. If the 
half-life is too short, the activity cannot be detected by ordinary 
methods. If the half-life is too long, a prohibitively long x-ray bom-
bardment may be required to produce enough activity in the sample. 
This investigation employed a delayed neutron detection method first 
proposed by Halpern and co-workers (31), and since employed by other 
investigators (18, 20, 26, 28). Electron pileup, i.e., the large number 
of electrons which accompany the x-ray beam from the synchrotron, 
produces a large pulse in the neutron counters and overloads the neutron 
detecting system for a few microseconds after beam extraction. In 
order to prevent counts from being registered during this time, an 
electronic gating circuit is employed which allows pulses to reach the 
scalers only during a certain desired time interval following the x-ray 
beam. The opening of the gate is delayed long enough for the neutron 
detecting circuits to recover from the effects of electron pileup at 
beam extraction time. It can be readily demonstrated experimentally 
that very little neutron counting rate increase is obtained by increasing 
the gate length beyond about 600 to 700 microseconds. This is because 
essentially all the neutrons have either escaped from the neutron house 
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or have been absorbed during that time. In fact, if the gate is lengthened 
too much the additional background will become greater than the number 
of additional neutron counts. 
In the measurement of photoneutron thresholds and yields, it is 
essential that a reliable bremsstrahlung beam monitor be employed. One 
widely used method is to pass the beam through an ionization chamber. 
The charge produced in the chamber is collected on the plates, and the 
rate of charge collection is measured by a suitable electrometer circuit. 
A common practice is to calibrate the transmission ionization chamber 
against a Victoreen thimble ionization chamber {24, 32). The Victoreen 
thimble ion chamber is taken as a secondary dose rate standard which 
can be calibrated in terms of calorimetric dose rate measu:rements. 
The calorimetric measurement can be taken as the primary dose rate 
standard, since it is an absolute device {32, 33). 
Another method of monitoring the bremsstrahlung beam is based upon 
a proposal made by Newkirk and Laslett (34) and Newkirk {35). In this 
method, the energy setting of the synchrotron is switched, between some 
predetermined reference energy and the energy at which the photoneutron 
yield is desired, on alternate cycles of the synchrotron magnet, i.e., 
on alternate beam bursts. The output of the neutron detecting system 
is switched in synchronization with the energy switching, so that all 
neutron counts for one energy setting are channeled into one scaler, 
while those for the other energy setting are directed into another 
scaler. Thus, the photoneutron yield for the reference energy setting 
7 
acts as a beam monitor, with all other neutron yields expressed in terms 
of this reference energy yield. 
Each of the above beam monitor methods has certain advantages over 
the other. If the transmission chamber response changes during the 
course of a set of readings, or if the sensitivity of the neutron detecting 
circuits changes, errors in relative neutron yields for different energies 
may result. In order to minimize the chance for such errors, one can 
intersperse the desired energy yields with readings taken at some con-
venient reference energy and normalize all readings in terms of the 
reference yields. There still remains the possibility of errors due to 
relatively short-time changes in dosemeter or neutron detector 
response, however. The Newkirk method avoids this weakness by pro-
viding a reference energy neutron count on each alternate beam burst 
{each 1/57 second for the Iowa State College synchrotron). 
A disadvantage of the Newkirk method is that only relative neutron 
yields are mearu red. This makes this method inappropriate for 
absolute photoneutron cross-section determinations, but for relative 
cross-section and threshold measurements, such as those made in 
the present investigation, this limitation is not important. Also, if 
there are appreciable electron losses below the energy setting of the 
machine, then the number of electrons striking the synchrotron target 
will differ for different energy settings, so that relative photoneutron 
cross-sections obtained would be incorrect. In threshold measure-
ments, however, the range of energies covered is quite small, so 
that inaccuracies due to electron losses become negligible. 
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In the pre sent investigation the ionization cham b.er monitor method 
was used for all the elements investigated. Thresholds of lithium, 
bismuth, and praseodymium were measured using both methods, so 
that a comparison of results obtained by the two methods could be made. 
B. Materials 
A list of the elements whose thresholds were measured is shown in 
Table l. The mass, isotopic abundance, chemical form, and physical 
Table l. Description of samples 
Element Mass Isotopic Chemical Physical Mass of 
number abundance form form sample 
(%) (grams) 
Deuterium 2 99.5 oxide liquid 100 
Lithium 7 92.5 metallic solid 110 
Aluminum 27 100 metallic solid 305 
Phosphorus 31 100 elemental powder 936 
(red) 
Vanadium 51 99.75 oxide powder 230 
Manganese 55 100 oxide powder 519 
Copper 63 69. 0 metallic solid 313 
65 31. 0 
Yttrium 89 100 metallic solid 723 
89 100 oxide powder 474 
Lanthanum 139 99.9 metallic solid 552 
Praseodymium 141 100 oxide powder 208 
Bismuth 209 100 metallic solid 490 
9 
form for each nuclide are also shown. Chemical purity was at least 
99.5% for all samples, with the possible exception of the yttrium metal. 
C. Equipment 
1. Synchrotron . 
The Iowa State College synchrotron used in the pre sent investigation 
was a type N machine constructed by the General Electric Company, with 
a rated maximum energy of 70 Mev, without D. C. magnet bias (36). The 
electron acceleration chamber was a donut-shaped ceramic unit. The 
radio frequency cavity was driven by an oscillator operating at a fre-
quency of 170. 3 megacycles. This corresponds to an electron equili-
brium orbit radius of 28. 02 centimeters. The acceleration chamber 
was equipped with a removable electron injection gun designed and built 
in the Iowa State College Synchrotron Laboratory (37). The x-ray 
target was a 5 mil molybdenum flag located near the inner periphery of 
the acceleration chamber. Provision was made for rotating the target 
mounting rod (by means of a coil placed in the synchrotron magnetic 
field) so that the target could be rotated in or out of the horizontal 
plane of the electron orbit. This was necessary because a similar 
second target was azimuthally located at about 120 degrees from the 
first target; thus, the synchrotron could be used to perform other ex-
periments without moving the rather bulky neutron house and associ-
ated shielding materials. 
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2. Energy control device 
The synchrotron energy control circuit, or integrator, was de signed 
and built by J. E. Griffin in this laboratory. The fact that the mo-
mentum, and hence the kinetic energy, of the electron is related to the 
magnetic field at the electron orbit is fundamental in the operation of 
the integrator. A conducting loop defining an annular area with mean 
radius approximately equal to that of the electron orbit was located im-
mediately above the acceleration chamber. As the magnetic field 
changed, an electromotive force was induced in the loop, in accordance 
with Faraday's law. This electromotive force was inte.grated with 
respect to time by means of a chopper stabilized Miller integrator (38). 
When the integrated voltage reached a value determined by the fraction 
of a D. C. reference voltage selected (by a potentiometer setting) and 
by the RC time constant of the circuit, a pulse was delivered to trigger 
a spark gap. This allowed condensers to discharge through a knockout 
coil adjacent to the acceleration chamber, so that the electron equili-
brium orbit was de strayed, causing the electrons to spiral onto the 
molybdenum target, thus producing bremsstrahlung x-radiation. The 
reference voltage mentioned above was supplied by a Model 30Cl5 
Kay Lab power supply. 
In order to make the above discussion more meaningful, an expres-
sion relating the integrator potentiometer setting and the kinetic energy 
of the electron when its equilibrium orbit is destroyed by the knockout 
coil will be derived. 
Let E(t} and B(t} represent the electric field and the magnetic induc-
tion, respectively, while A is the annular area enclosed by the conducting 
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loop. Applying Faraday's law, one has 
curl E(t) = - dB(t)/dt, (1) 
or 
furl E(t)· dA = ~d~?)· dA . (2) 
Applying Stokes' theorem to the left side of Equation 2, and assuming 
that B(t) is uniform and perpendicular to the annular area A there follows 
J E(t)· dl =- d~~t) A, (3) 
where dl is an increment of length of the conducting loop. But the line 
integral of the electric field around a closed loop is just equal to the 
electromotive force V(t) induced in the loop. Thus, 
j E(t)· dl = V(t) • (4) 
Substituting Equation 4 into the left side of Equation 3 one has 
V(t) = -A dB(t) 
dt ' (5) 
or J V(t)dt = -AB(t) + K 1 • ( 6) 
The constant of integration K 1 represents the phase shift between the 
integrated voltage induced in the loop and the magnetic induction B. 
This phase shift is known to be small for the integrator in this Laboratory. 
The magnetic induction can b.e expressed in terms of the electron mo-
mentum, p, the electronic charge, e, and the radius of the electron 
orbit, r, as follows: 
B =..E... 
er 
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The chopper stabilized Miller integr a tor yields an output voltage given by 
where RC is the time constant of the circuit. Substituting Equation 7 
and Equation 8 into Equation 6 yields 
K 
V (t) = Ap - __.! 
o RCer RC (9) 
(It should be noted that if the mean radius of the conducting loop differs 
from the radius of the electron orbit, the magnetic induction vector B 
in Equation 6 will differ from B in Equation 7, so that Equation 9 must 
be modified accordingly.) If one denotes the value of V (t) at which 
0 
the reference voltage is equaled by VR' it follows that 
A Kl 
V - K P- P R - 2 - RCer - RC ' (1 0) 
where P is the integrator potentiometer setting and K 2 is an experi-
mentally determined proportionality constant. Equation 10 is the rela-
tionship between the electron momentum p and the integrator potenti-
ometer setting P. In order to obtain an expression relating the 
potentiometer setting to the kinetic energy T of the electron, use can 
be made of the relativistic expression relating total energy W, mo-
mentum, and rest energy m c'\ viz. 
0 
but 
Therefore, 
z z z 1 z)z W = p c + ,m c , 
0 
T = W- m cz 
0 
(11) 
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I 
T = [pzcz+ (m cz)zi2- m cz 
0 0 
Solving Equation 12 for p gives 
1 
p = ..!_(T2 + 2Tm c 2)'2. 
c 0 
Putting Equation 13 into Equation I 0 yields 
1 
[ T( T + 2 m c 2} ] '2 - Kl 
o RC 
{12) 
{13) 
(14) 
which is the desired expression relating the integrator potentiometer 
setting P to the electron kinetic energy T when the knockout pulse is 
applied to the electron. 
3. Beam extraction 
A method for the prompt knockout of the synchrotron electron beam 
has been described by Hammer and Bureau {39, 40) and has been used 
in the Iowa State College synchrotron for some time. Prompt knockout 
has a number of advantages in studying photoneutron thresholds and 
yields: I) It permits the electronic ·gate delay to be shortened to a few 
microseconds, and thus increase the neutron counting rate; 2) the 
value of the electron energy can be determined with greater precision, 
since all electrons are deflected onto the bremsstrahlung target in a 
very short interval of time; 3} the beam structure characteristic of 
slower knockout is essentially eliminated, so the neutron counting effi-
ciency becomes more nearly the same for all neutrons generated. The 
Hammer-Bureau prompt knockout method employs a short knockout coil 
segment (180 degrees or less} which is supplied with a large current 
from the beam knockout circuit at the time when the electrons are to 
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be deflected onto the bremsstrahlung target. This method results in un-
stable electron orbits characterized by a maximum radial d1splacement 
at a particular azimuthal position within the synchrotron, and so is 
useful in applications where it is important to strike a particular one 
of many targets, to miss other structures which may be equally close to 
the equilibrium orbit (the electron injector, e. g.}, or to implement 
extraction of the electron beam; this azimuthal angle, however, pre-
cesses appreciably during the course of the perturbation. This method 
would not be objectionable for photoneutron threshold studies alone if 
the neutron yield as a function of transmission chamber dose were 
plotted and if no marked decrease of beam intensity through the col-
limator were to result. It is expected, however, that the same equip-
ment developed for the pre sent investigation will later be used to obtain 
photoneutron cross-sections, so a critical study of beam extraction was 
made with this in mind. 
The photoneutron yield, as a function of the synchrotron energy 
setting is of the form: 
Y{E ) 1-Eo N(E, E )o-(E)dE 
0 0 
Et 
(15) 
where E 0 is the energy setting of the synchrotron, Et is the threshold 
energy for the reaction, cr is the cross-section for the reaction, and 
N is the number of photons striking the sample, as a function of photon 
and synchrotron energies. It is customary to obtain N by use of the 
Schiff formula (41} for the bremsstrahlung x-ray spectrum. This formu-
la applies to the forward direction from a thin target. It has been 
15 
pointed out by Hammer and Laslett { 42) that if a short knockout coil is 
used the precession of the orbit maxima will result in the direction with 
which the electrons strike the target being dependent upon the strength 
of the perturbation relative to the strength of the synchrotron magnetic 
field and hence {for a given current in the perturbing coil) upon the 
electron energy at the time of extraction. Thus, not only would the 
fixed collimator be located, in general, in a direction other than the 
forward direction of the x-ray beam, but also the angle between the 
collimator and the forward direction of the beam should vary with the 
energy setting of the synchrotron. Now the synchrotron beam intensity 
profile is approximately gaussian in shape and peaked in the forward 
direction (43). This leads to the conclusion that the number of photons 
which pass through the collimator and strike the sample differs from 
that assumed in the Schiff formula, the discrepancy depending upon the 
energy setting of the synchrotron. Thus, photoneutron eros s- sections 
calculated by use of the Schiff formula applied to the Newkirk-Laslett 
energy switching scheme would not be expected to be valid. This is 
especially true for severe collimation in which a shift in beam direction 
would appreciably alter the segment of th~ beam intensity profile pas sed 
by the collimator. In this investigation, the longitudinal beam cross-
section passed by the one-fourth inch first collimator was about 0. 75 
degree. This was comparable to the half-intensity angle calculated for 
the beam profile ( 32} and so represented severe collimation. Thus, it 
was considered advisable to devise an experiment to determine whether 
the shift in beam direction with energy, using the short knockout coil, 
16 
was sufficient to be readily detected, using the above-mentioned colli-
mator. 
As was pointed out above, it was expected that, for a given knockout 
field strength, the synchrotron beam would change its direction with a 
change in energy setting of the machine. Conversely, if the synchrotron 
energy setting were held constant, the beam should shift direction with 
a change in the strength of the knockout field. Since the beam profile 
becomes narrower as the synchrotron energy is increased (32), it was 
decided to attempt to detect a beam direction change with knockout field 
strength variation, holding the energy setting constant. In this way a 
masking of the beam direction shift by the narrowing of the beam profile 
as the energy setting increased would be avoided. 
The experiment to detect synchrotron beam direction shift with knock-
out field strength consisted of bombarding two copper discs simultan-
eously in the x-ray beam. One disc was placed just ahead of the col-
limator so that it intercepted the entire beam while a smaller disc was 
placed after the collimator so it intercepted only the collimated 
beam. Mter bombardment, the 10 minute half-life copper activity was 
measured for each disc and the ratio of activities obtained. This pro-
cedure was repeated for other knockout field strengths with the 
synchrotron energy setting held constant, and the various activity ratios 
were compared. 
The experimental arrangement for irradiating the copper discs is 
shown in Figure 1. A plexiglas holder held the larger 1 1/2-inch diame-
ter disc ahead of the collimator so that the entire beam was intercepted. 
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A similar holder positioned the l I 2-inch disc after the collimator so that 
only the collimated beam was intercepted. Each holder was attached 
to the collimator by means of brass set screws. After bombardment, 
the discs were transferred to suitable holders within a heavy lead shield 
which housed end-window type Geiger-Muller counters connected to con-
ventional high voltage power supplies and scalers. 
The copper activation ratio was obtained for the highest and lowest 
knockout field strengths yielding satisfactory electron knockout. The 
short (45 degree) coil was used to provide the knockout field. The two 
activation ratios were found to differ by 12. 3% for a synchrotron energy 
setting of 45 Mev. This discrepancy was far outside the statistical 
error, which was about~ 2% for each case. The experiment was re-
peated for an energy setting of 20 Mev with similar results. Thus, it 
was concluded that the expected beam shift actually did occur, using 
the short knockout coil. 
As a result of the experiment de scribed above, consideration was 
given to possible methods of beam extraction which would not produce 
a change in beam direction for a synchrotron energy setting variation. 
One such possibility would be to turn off the accelerating electric field 
and allow the electron beam to collapse onto a target located inside the 
equilibrium orbit. Since no azimuthal perturbations occur, no shift 
in x-ray beam direction would be expected for a variation in energy 
setting of the machine. A serious objection to this method suggests 
itself, however. The time required for all the electrons to strike the 
target is of the order of 100 microseconds {39). This means that the 
19 
beam duration would require a delay of at least l 00 microseconds before 
neutron counts could be passed by the electronic circuits. Since the 
neutron counters are in competition with neutron absorption by other 
agents and with neutrons escaping from the house, the probability of de-
tecting a neutron should decrease as the elapsed time increases. Thus, 
the efficiency of neutron detection would be expected to vary with the 
energy setting of the machine. 
Another possibility for beam extraction without direction shift would 
be to employ a 36.0-degree knockout coil so that the electron beam could 
be deflected onto an inside target without azimuthal assymmetry and 
hence without orbit precession. This method would destroy the electron 
beam in a very few microseconds and so avoid the weakness of the r. £. 
turnoff method described above. 
A 360-degree knockout coil was installed, but preliminary tests 
showed the radial positioning of the top and bottom wires of the coil 
and of the inside target to be rather critical with respect to the equilib-
f 
rium electron orbit. This can be better under stood by considering 
the behavior of the vertical component of the knockout field in the 
median plane as the radial position of the top and bottom wires is 
varied. The vertical cona-ponent of the magnetic field in the median 
plane of the electron acceleration chamber consists of two parts: the 
contribution due to the magnet, and the contribution due to the knockout 
coil. The expression for this vertical field can be written as follows: 
B (r,o} = 
z n 
r 
+ I f(x) 
""5"L (16) 
20 
where the first term on the right is due to the magnet (44) and the second 
term is due to the knockout coil. In the above expression B is the field 
0 
of the magnet at the position r = L = 29. 7 em, n is the field falloff index, 
I is the current, in amperes, through the knockout coil, x = 1-r/L, and: 
f(x) = 2(x-b/L) (x-b/ L)2 + (d/ L)2 
1 1 
(x-b/L) + c/L (x-b/ L) a/L 
The meanings of the remaining quantities are given in the insert in 
Figure 2. 
In their Geneva paper, Hammer and Laslett {42) have written:· 
In the case that the perturbation is applied over the entire 
360 degrees, the operating point is driven toward the integral 
resonance associated with n = 1. By arranging the magnetic 
center of the perturbing coil to lie outside (or inside) the 
normal equilibrium orbit, the orbits are driven inward (or 
outward) to intercept the target before the integral resonance 
is reached. 
Plots of f(x) as a function of the radial position r, as shown in Figure 2, 
are in agreement with the above statement. It is clear from this figure 
that, if the top and bottom wires of the coil were placed too near the 
inside of the electron acceleration chamber, the knockout field vertical 
component would have the wrong sense and thus would knock the electron 
beam outward rather than inward, unless the r. f. oscillator were tuned 
to a higher frequency. On the other hand, if the wires were located 
too near the outside of the acceleration cha.mber, the slope of the 
knockout field would be decreased, so that a larger knockout current 
would be required. If the target were located too far from the inside 
of the acceleration chamber it would intercept the equilibrium electron 
orbit. Location of the target too near the inside of the acceleration 
35
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22 
chamber would again require a larger knockout current. If the center 
of the acceleration chamber did not coincide with the center of the 
equilibrium orbit, there would be danger that the equilibrium electron 
orbit might cross the zero knockout field circle, so that the application 
of the knockout field could knock the electron either inward or outward, 
depending on the azimuthal position of the electron. 
As a result of examining the set of curves shown in Figure 2, fol-
lowed by experimental tests to determine the optimum combination of 
radio frequency and top and bottom knockout wire location, the 360-
degree coil was installed with the top and bottom wires located at 
r = Z9. 0 em. The radio frequency oscillator was tuned to 170. 3 mega-
cycles, and the target located at r = 26. 3 em. The copper disc activa-
tion experiment was repeated using the new 360.degree coil and the 
new radio frequency. The results are shown in Table 2. Results for 
the 45-degree knockout coil are included for comparison. R 1 and R 2 
are the activity values for the small and large disc, respectively. 
Examination of the activity ratio column, R 1 /R2 , shows that the ac-
tivity ratio agreed well within counting statistical error for different 
knockout sparker voltage settings when the 360 degree coil was used. 
The sparker settings (Column 3) are shown in arbitrary units, but 
these settings were found to vary very nearly linearly with knockout 
current. By "sparker setting'' is meant the variac setting which de-
termines the potential difference to which the capacitor in the knock-
out circuit is charged. Thus, the variac setting detern1ines the current 
flowing in the knockout coil, since the capacitor is discharged through 
23 
Table 2. Results of beam shift experiments using 
two different knockout coils 
Knockout Synchrotron Knockout R R2 R2/Rl % 1 
coil energy sparker (counts/ (counts/ Diff. 
setting setting 
min.) min.) (Mev) (arbitrary 
units) 
360° 25 . 5 40.0 3;344 9474 + 2.83-0.03 
+ 
0.7 
360° 25.5 21. 0 3755 10545 2. 81-0. 03 
360° 20.0 39.0 1400 4766 + 3. 40-0. IO 
+ 
1.7 
360° 20.0 25.0 1406 4867 3. 46-0. IO 
45° 45.0 33.0 Il567 22012 + I. 90-0. 03 
+ 
I2. 3 
45° 45.0 47.0 7835 I6809 2. 15-0. 04 
45° 20. 0 40.0 14I3 5754 + 4. 07-0. I2 
45° + 
I4.9 
20. 0 50.0 1168 5462 4.68-0.19 
the knockout coil when the knockout circuit is triggered. 
4. Collimation of x-ray beam 
Two collimators were used for the x-ray beam. The first collimator 
was a litharge cylinder about 8 inches long and 1 I/8 inches in diameter, 
with a 1/4-inch stainless steel tube running along the axis, thus providing the 
beam defining aperture. This first collimator was located in the fringing 
.. 
field of the magnet, about I foot from the synchrotron target. The 
second collimator was located approximately l I/ 2 feet beyond the first 
collimator, and consisted of a 9/16-inch hole in a lead block 6 inches 
thick. The functions of the second collimator were: 1) to provide a 
24 
sharper definition of the beam by absorbing x-rays scattered by the first 
collimator; 2) to attenuate further any of the beam which penetrated the 
first collimator; and 3) to intercept any of the uncollimated beam which 
might pass around the outside of the first collimator. 
The collimators provided a collimated beam profile of about one 
degree. The collimators and neutron house were aligned by the photo-
graphic method, and alignment was frequently checked by this method 
during the course of the experiments. 
5. Neutron house 
The neutron house provided a thermalization chamber for neutrons 
generated by the photoneutron reaction when the x-radiation from the 
synchrotron struck the sample located inside the house. These thermal-
ized neutrons were detected by boron tri-fluoride neutron counters 
embedded in the thermalization chamber. 
Figure 3 shows longitudinal and end- sectional views of the neutron 
house. The thermalization chamber was 2 feet high by 2 feet wide by 
2 1/2 feet long and was made of paraffin. Around this was a 1/16-inch 
layer of cadmium which, in turn, was surrounded by an outer layer of 
paraffin. The purpose of the outer layer of paraffin was to moderate 
background neutrons from outside the house and enable the cadmium 
to capture these neutrons more efficiently. The synchrotron beam was 
passed along the axis of an aluminum sample tube of 2 1 I 16--inches 
inside diameter and 3/ 1 6-inch wall thickness. Aluminum was chosen 
because of its relatively low neutron absorption cross-section. Near 
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the ends of the sample tube were machined snap-ri:ng slots, oo that brass 
fittings could be attached. These fittings made it possible to seal the 
ends of the tube with two mil mylar windows and make connections to 
a vacuum pump. Thus, if one should de sire to do work in which the 
photoneutron yield due to nitrogen and oxygen in the air in the sample 
tube became objectionable, the sample tube could be evacuated. 
Four horizontal holes were provided, each 5 inches from the sample 
tube, to accommodate the neutron counters. Halpern and co-workers 
(31), using a neutron house similar in geometry to the one used here, 
found the neutron counting efficiency to be essentially independent of 
initial neutron energy, for counters located about 5 inches from the 
sample tube. 
The paraffin used in the construction of the neutron house was of 
somewhat higher melting temperature than that of commonly used house-
hold paraffin. This higher melting point made the paraffin more suited 
to use without softening due to the rather high room temperatures often 
reached during operation of the synchrotron magnet. The paraffin was 
molded into blocks 6 inches by 12 inches by 18 inches for ease in 
handling and stacking. Furthermore, the larger blocks provided fewer 
cracks than would the smaller bricks, thus reducing neutron leakage. 
The neutron house was located with its center 6 feet from the synchro-
tron tar get. 
It was found that when the neutron house was assembled and located 
so that the collimated synchrotron beam passed along the axis of the 
sample tube, the neutron background was too high for accurate photo-
L 
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neutron measurements to be made. By neutron background is meant the 
neutrons detected by the counters, but originating outside the neutron 
house. Essentially all of these background neutrons were due to the 
photoneutron interaction of the synchro;tron bremsstrahlung with 
materials in the vicinity of the synchrotron magnet. Among the more 
important contributing materials were the molybdenum bremsstrahlung 
target, lead collimators, ceramic electron acceleration chamber walls, 
and iron components of the synchrotron magnet. Nearby experimental 
setups, room walls, etc. would be expected to make somewhat lesser 
contributions. 
Background neutrons may be conveniently divided into two groups: 
1} those which enter the sample tube along with the synchrotron beam, 
and, 2) those that enter the neutron house by penetrating the paraffin 
and cadmium which surround the thermalization chamber. Those 
neutrons in the first group would be expected to be produced chiefly by 
the bremsstrahlung target, collimators, and the walls of the electron 
acceleration chamber, so that they enter the house with little or no 
scattering. Those in the second group would be scattered into the 
house by the synchrotron magnet, walls of the room, etc. Tests 
showed that the numbers of background neutrons in the above two gro\lps 
were comparable. 
In order to reduce the number of background neutrons in the first 
group, boron carbide was mixed into melted paraffin and allowed to 
harden into blocks which were placed between the second collimator 
and the neutron house. These blocks contained circular holes which 
28 
were just large enough to allow the collimated x-ray beam to pass 
through. Thus, the paraffin provided thermalization so the boron could 
more efficiently absorb background neutrons. 
In orde:t to reduce the number of background neutrons in the second 
group, advantage was taken, as much as possible, of the shielding 
properties of the synchrotron magnet. Thus, the x-ray beam was 
brought out of the machine so that the beam passed near the edge of the 
magnet yoke. The 12 inches of laminated iron in the yoke thus provided 
a certain amount of neutron shielding. About 30 five-gallon rectangular 
cans were filled with saturated solutions of borax or boric acid in 
water and the available space between the synchrotron magnet and the 
neutron house was filled with these cans, stacked so that opportunity 
for neutron leakage between cans was minimized. Par.affin bricks and 
powdered compounds of boron were placed in small and irre~ular spaces 
in front of the neutron house. Plastic bags filled with powdered boron 
carbide and boric acid were placed in the vicinity of the first collimator 
between the magnet coils. Similar bags were placed around the exit end 
of the sample tube, since the leads to the neutron counters made stacking 
of paraffin blocks there impracticable . 
• Eight 30-gallon barrels were filled with borax solution and placed, 
two high, along one side of the neutron house to provide additional shield-
ing against neutrons scattered by the walls, floors, and ceiling of the 
room. Actually, the reduction in background by use of these barrels 
was disappointingly low. Perhaps this was due, in part, to the barrels 
actually trapping some neutrons which might otherwise escape from the 
29 
room. No barrels were placed along the other side of the house and 
across the back end, since those sides faced a wall of windows along the 
north side of the room, and it was felt that these windows would reflect 
very few neutrons back into the room. 
A top sectional view of the synchrotron magnet, neutron house, and 
associated shielding is shown in Figure 4. Photographic views of the 
• 
house and its shielding are shown in Figure 5 and Figure 6. By the 
methods described above, neutron background was reduced by a factor 
of 3 at 20 M(;v. One should keep in mind that the technique and geometry 
of neutron shielding may vary somewhat, depending upon the range of 
synchrotron energies in which photoneutron studies are to be made. 
Thus, if yield measurements above 20 Mev were to be made, neutrons 
of higher energies would be generated, and more extensive thermaliza-
tion and shielding geometry would probably be required. 
6. Neutron counters 
Four neutron proportional counters were operated in parallel to 
generate neutron pulses to be fed into the amplifying system. The 
counters used were purchased from Nuclear Radiation Laboratories, 
Skokie, Illinois. The counters had an over-all length of 27 inches and 
an active length of 20 inches. They were filled with boron trifluoride 
gas to a pressure of 120 centimeters of mercury. The walls of the 
counters were alwninum which has a relatively low neutron absorption 
cross-section. Neutrons entering the region filled with boron tri-
fluoride gas produced ionizing particles by the reaction given on 
page 4. The counters were operated in the proportional region so that, 
30 
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31 
with the proper discriminator setting in the amplifying circuit, pulses 
produced by more lightly ionizing particles, such as x-rays and electrons, 
would produce smaller pulses which were rejected, and thus not allowed 
to reach the scalers. 
During the initial stages of this investigation considerable difficulty 
was experienced due to hign voltage leakage in the neutron counter con-
nectors and the high voltage junction box. This box housed the junction 
of the counter signal leads and the 3900 volt neutron counter power supply 
output, together with associated networks for filtering and coupling to 
the preamplifier. This leakage introduced spurious pulses into the 
amplifying circuit, and became especially troublesome during hot, 
humid weather. Some techniques for minimizing hi.gh voltage leakage 
which have been des r>-ibed by Glass (45) were employed in the junction 
box, but spurious pulses still proved troublesome. 
The manufacturer provided a guard ring connection for each counter 
to eliminate pulses due to leakage across the insulator between the 
counter case and center wire inside the counter. This guard ring con-
nection did not, however, curtail any leakage which might occur outside 
the counter, such as' in the .Atnphenol high voltage connectors or in the 
cable itself. In order t~ eliminate the possibility of such leakage, the 
counters were modified by removing .Atnphenol fittings from the 
counter~'~ and attaching, by use of copper flared fitting~,double-shield 
coaxial cables between the counters and the junction box. A cross-
sectional drawing of this modification (for one of the counters), together 
with the physical arrangement of the elements i.n the junction box, is 
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36 
shown in Figure 7. By this modification the guard ring was effectively 
extended, in the form of the inner shield, all the way to the junction box, 
and the two Amphenol fittings for each counter cable were eliminated. 
Any leakage current between the central signal conductor and the outer 
shield of the cable would be intercepted by the inner (guard ring) shield 
and bypassed to ground (through the filter capacitor) around the 22 
megohm load resistor across which counter output pulses developed. 
No spurious signals could develop between the central conductor and 
the inner shield, since they were at the same D. C. potential. 
The above modification, together with the use of low leakage Glass-
mike capacitors in the junction box, reduced high voltage leakage pulses 
to a tolerable rate, except during extremely humid summer weather. 
During such weather, the junction box was enclosed in a specially con-
structed dry box which reduced the humidity, and thus the spurious leak-
age pulse rate, to an acceptable value. Phosphorus pentoxide was used 
. 
as the desiccant. 
7. Electronic circuitry 
A block diagram of the arrangement of the electronic circuitry is 
shown in Figure 8. Negative pulses from the neutron counters, via the 
junction box, were applied to the input of the preamplifier. The pulses 
were further amplified by the linear amplifier and applied to the elec-
tronic gating circuit. The gate generator was triggered by a positive 
pulse which appeared at the integrator (energy control) output at beam 
extraction time. This gating pulse was delayed 50 microseconds so that 
the neutron detectors and amplifying Circuits could recover from 
• 
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END OF COMMERCIAL 
NEUTRON COUNTER<...; 
,; ---i!~~~~~~~i~ FIRST ~ SHIELD 
TEFLON 
TO HIGH VOLTAGE 
POWER SUPPLY 
.0005p.f 
(GLASMIKE) 
TO PREAMPLIFIER 
GUARD RING 
CONNECTION 
S COND 
SHIELD 
SPECIAL CABLE 
(DOUBLY SHEILDED) 
.0 I p.f 
(GLASMIKE) 
TEFLON 
BOX GROUNDED 
Figure 7. Sectional view of modified neutron counter (top), high 
voltage junction box, and connecting cable 
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39 
electron pileup and beam knockout transients before the gate was opened. 
The neutron pulses which appeared during the 600 microsecond gate 
duration were fed to the scaler and energy switching circuit. The function 
of this circuit was twofold: a) to switch the synchrotron energy setting 
between two preset values on alternate cycles of magnet operation; 
b) to channel the neutron pulses into two different scalers on alternate 
cycles of magnet operation in synchronization with the energy switching. 
Thus, for the first energy setting the neutron pulses delivered during 
the delayed gate time were registered by the first scaler, while those 
gated pulses resulting from the second energy setting beam blast were 
recorded by the second scaler. The switch between these two conditions 
was triggered by the pi time pulse delivered by the synchrotron zero 
timer circuit. By 11pi time 11 is meant one of the two times during each 
cycle of synchrotron operation when the magnetic field is zer<>. The 
other of these two times is called 11 zero time 11 , since it is regarded as 
the reference time for all events in the synchrotron cycle. Thus, the 
approxitnately sinusoidal magnetic field passes through zero at zero 
time, becomes posltive until pi time is reached and becomes negative 
for the remainder of the cycle. 
During experiments in which the counts per unit beam dose were 
plotted, the scaler and energy switching circuit was omitted and only 
one scaler received the pulses emerging from the gating circuit, as is 
shown in Figure 9. 
The high voltage power supply for the neutron counters was a Model 
301 made by Beva Laboratories, Trenton, New Jersey. Its regulated 
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output was continuously variable from 1, 000 volts to 5, 000 volts. Since 
a variation in the high voltage power supply output would change the 
pulse height distribution, and thus the number of pulses passed by the 
discriminator associated with the linear amplifier, it was considered 
desirable to employ a monitor for the Beva power supply output. A 
Brown recording voltmeter, made by Minneapolis-Honeywell, was con-
nected as the monitor. 
The preamplifier and linear amplifier were Model PA 201 and Model 
101, respectively, supplied by Cosmic Radiation Laboratories, Blue 
Point, New York. Both were designed to have good non-overload 
properties, the lineal:" amplifier being of the Chase-Higinbotham design 
(46). The preamplifier, high voltage power supply, and high voltage 
monitor were located at the neutron house near the counters, while the 
remaining electronic circuitry was in the synchrotron control room. 
The preamplifier employed a cathode follower output to drive the 90-
ohm line to the amplifier. The linear amplifier employed a discrimina-
tor output (in addition to the regular output). The discriminator level 
could be varied to accept pulse heights above the desired level. This 
made it possible to reject smaller pulses due to noise, pickup, and 
lightly ionizing particles entering the counters. 
The gating circuit diagram is shown in Figure 10. The first 5687 
tube was connected as a triggered multivibrator which acted as the gate 
generator triggered by a positive delayed gate pulse from the integrator 
delivered to J 1 . The 0. 5~megohm potentiometer permitted the gate 
length to be varied from about 150 microseconds to 750 microseconds. 
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The second 5687 tube was connected as a gate clipper and inverter. The 
monitor oscilloscope was connected at J 2 to permit viewing the gate. 
The gate was applied to the first control grid of the 6BN6 gating tube. 
The counter pulse from the linear amplifier was applied to J 3 and, 
through the 6C4 phase inverter, to the second control grid of the gating 
tube. The gated pulses were delivered, via the 5687 phase inverter and 
cathode follower, to the output jack, J 4 . 
One output of the integrator furnished a positive 40-volt pulse which 
was attenuated and applied to a DuMont Type 326 delayed pulse generator. 
The attenuator was necessary to prevent multiple triggering of the delayed 
pulse generator by the integrator output, which contained smaller pulses 
in addition to the main 4Q..volt output pulse. The delayed pulse generator 
provided a continuously variable pulse delay which could be set to an 
accuracy of better than one microsecond, by a calibrated dial. 
The beam knockout circuit was triggered by a second output of the 
integrator. The beam knpckout device has been described by Hammer 
and Bureau (39). 
The circuit diagram for the energy and scaler switching device is 
shown in Figure 11. Positive pi time pulses from the output of the 
synchrotron zero time circuit were applied at J 1, and, after inversion, 
triggered the scale-of-two multivibrator cicuit employing the 5963 tube. 
The outputs from this circuit triggered the 6CL6 cathode followers in 
and out of conduction in such a way that the micropositioner switch, s 1 , 
was alternately energized and de-energized. Thus, alternate input 
pulses caused the alternate closing of the two contacts of the micro-
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positioner switch. When the switch was in one position the connections 
from connector c 1 to the integrator were such that the regular integrator 
potentiometer controlled the energy of the synchrotron, while for the 
other position of s1 the local energy control potentiometer controlled 
the energy. It follows that on odd cycles of the synchrotron's operation 
the electrons which struck the synchrotron target possessed an energy 
determined by one energy control potentiometer setting, while on even 
cycles the second energy control potentiometer setting determined the 
energy. 
The scaler switching action was dependent upon the 6AR8 beam 
switching tube. The potentials on the deflection electrodes of the 6AR.8 
determined whether electrons flowing from the cathode arrived at the 
first or the second plate. The potentials on the deflec-tion electrodes 
were controlled by the outputs of the scale-of-two circuit. As a result 
of this action, if a neutron pulse arrived at J 2 from the gating circuit 
during an odd cycle of synchrotron operation it was passed by the beam 
switching tube through one of the 6AH6 output tubes and registered by 
one scaler, while if a neutron pulse arrived during an even cycle it 
passed through the other output tube and was registered by the second 
scaler. From the above, it is seen that all neutron pulses occurring 
during the second energy setting were registered by the second scaler, 
with alternate energy settings automatically obtained on alternate 
cycles. 
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D. Procedure 
1. Preliminary investigations 
Three major preliminary investigations were made during the course 
of this research. One of these consisted of the beam extraction study 
which has already been described. The second had to do with the reduc-
tion of neutron background, and this has been described in connection 
with the neutron house. A third preliminary investigation was directed 
toward reducing background due to noise and pickup in the detecting 
equipment. This will be described in the following paragraphs. 
Several types of noise and pickup were encountered at one time or 
another. The problem of high voltage leakage due to humidity in the 
neutron counter cables, connectors, and junction box has already been 
discussed. In addition, the following s,ources of noise and pickup were 
encountered: 
I) Commercial radio stations 
Z) synchrotron injector pulse 
3) synchrotron radio frequency oscillator 
4) switching on and off of machinery and other equipment in the 
building 
5) intermittent shorts in amplifier circuit elements. 
Elimination of ground loops in the neutron counter and amplifier circuits 
reduced radio station pickup to below the amplifier discrimation level 
employed. The synchrotron injector pulse was also a relatively minor 
source of trouble, since the electronic gate was delayed until well be-
yond the injector pulse. 
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The synchrotron radio frequency oscillation could not be arrested 
before the opening of the gate, so it was necessary to reduce the level 
-of r. f. pickup. It was found that the chief radiator of r. f. energy was 
the r. f. cavity. Hence,. by carefully positioning counter, power supply 
and amplifier cables, it was possible to reduce r.f. pickup to a level 
well below that of the discriminator setting. Advantage was taken of 
the shielding properties of the magnet yoke, metal cans used to hold 
the neutron shielding materials, etc. 
The beam knockout sparker circuit presented a serious pickup 
problem, since the knockout coil itself acted as 4n antenna, so that 
shielding the sparker circuit was not sufficient to prevent radiation. 
One might expect that the delayed gate scheme would solve the problem, 
but observation on an oscilloscope revealed that the firing of the sparker 
initiated a ringing which lasted about six cycles with a total duration of 
about 85 microseconds, as is pictured in Figure 12. If the gate had 
been delayed this long a considerable portion of the neutron counts 
would not have been registered. In order to shorten the duration of 
this ringing the diode damping circuit was connected across the knockout 
coil as shown in Figure 12. Thus, during the first half cycle during 
which the knockout pulse was delivered, the diodes did not conduct, but 
on the positive half cycles the diodes conducted, so that the energy 
appearing in the resonant circuit, consisting of the knockout inductance 
and sparker capacitance, was soon dissipated in the diode plate circuit 
resistors. The resulting damped wave form is also shown in Figure 12. 
The ringing is seen to be subcritically damped. Calculations showed 
t 
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that at least 15 diodes of the type used would have been necessary for criti-
cal damping. Use of the damping circuit made possible the reduction of 
the gate delay to 50 microseconds. 
The problem of transients introduced into the A. C. line by equipment 
switching on and off was never completely solved. Taking data at night 
usually reduced the difficulty. The 7 1/2-ton air conditioner in the 
control room usually introduced spurious counts when the compressor 
started. It also adversely affected the operation of the integrator. One 
scheme used with fair success was to turn the air conditioner control 
to the coldest setting so that the compressor ran most of the time. If 
the compressor did start while data were being taken, the scalers were 
reset and that particular point repeated. Periodic testing of amplifier 
and preamplifier tubes reduced the difficulty of noise due to intermit-
tent shorts. 
2. Threshold measurements 
In order that maximum utilization of the bremsstrahlung could be 
made, it was necessary to align carefully the two collimators and 
neutron house so that all were collinear with the synchrotron beam. 
It was desirable that the collimated beam fill, as nearly as possible, 
the exit end of the sample tube without actually striking the tube. 
First, the beam was located by activation of a copper sheet, followed 
by exploring the sheet with a Geiger counter survey meter. This was 
followed by exposure of x-ray film in the beam to define better the 
beam direction. The first collim ~~tor holder (made of bakelite) was 
placed just outside the electron acceleration chamber, between the 
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magnet coils, and in line with the established beam direction. Dental 
size x-ray films were placed in the fore and after slots of the collimator 
holder and exposures made to the beam. Four such sets of exposures 
were made, the films developed, and the judged center of each darkened 
region marked. Using the average of these marks, points were 
marked on two fiber plates exactly the size and shape of the film enve-
lope. Holes were drilled at these points to accommodate the ends of 
the stainless steel tube which defined the first collimator aperture. The 
first collimator was thus fitted into the collimator holder which was 
secured in position between the coils. With the aid of a stretched string 
and lights, the neutron house was located so that the collimated beam 
passed axially down the sample tube. Exposures of x-ray film at the 
two ends of the sample tube were made to obtain better alignment. 
Since the house and its supporting table weighed over two tons, an over-
head hoist was used to move the house. Finally, the second collimator 
was placed in position on its supporting table and oriented coaxially 
with the synchrotron beam. Positioning of the second collimator was 
facilitated by leveling screws in the base of the collimator table. 
Lights and x-ray exposures were used to check the final alignment of the 
system. 
Characteristic curves for the neutron counters were obtained in 
order to set the counter potential and linear amplifier discriminator 
level at optimum values. The neutron counters were operated as pro-
portional counters so that smaller pulses due to lightly ionizing par-
ticles could be rejected by the proper discriminator level setting. 
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Although the counters were operated in the proportional region, a counter 
plateau could be obtained by correct setting of the discriminator level. 
This plateau was about 100 volts long with a slope of from 5 to 10 per 
cent per 100 volts. The advantage of operating on such a plateau was 
that the variations in counting rate produced by small variations in 
counter supply voltage were minimized. Characteristic curves, i.e., 
counting rate versus counter supply voltage, were obtained for the 
counters individually and in parallel for different discriminator set-
tings. The curves were obtained with the counters inserted in their 
respective holes in the house, and a polonium-beryllium neutron source 
located in the sample tube. These curves were examined and a counter 
supply potential of 3900 volts was selected, with an amplifier dis-
criminator setting of 100 {arbitrary units). 
Physical characteristics of the samples have already been described 
under "Materials". The optimum location of the samples in the sample 
tube was determined by locating the neutron source at regular intervals 
along the sample tube and plotting the counting rate versus the position 
of the neutron source. A symmetrical curve, resembling a gaussian 
curve, was obtained with its peak at the midpoint of the sample tube. 
This midpoint was therefore chosen as the location for all samples. 
Samples which were available in one solid piece were turned on the 
lathe to fit into the sample tube. All other samples, with the exception 
of deuterium, were placed in sample holders made of 2-inch o. d. 
plexiglas tubing with l/4~inch wall thickness. These were fitted with 
1/ 32-inch plexiglas end windows. Plexiglas was judged well suited as 
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a sample holder material, since it contains only hydrogen, oxygen, and 
carbon. Hydrogen, of course, contains no neutrons, and oxygen and 
carbon both have photoneutron thresholds well above those of any of 
the materials included in this investigation. The deuterium sample was 
in the form of deuterium oxide which was sealed into a glass bottle 
specially made to fit into the sample tube. No photoneutron yield was 
obtained from the glass since the threshold for deuterium is well below 
those of the constituents of glass. Once a sample was placed in the 
sample tube it was never disturbed until the complete yield curve was 
obtained, since it was extremely difficult to duplicate exactly the 
position and orientation of the sample. 
Immediately preceding each threshold determination the neutron 
detecting system was checked (after a suitable warmup time) by placing 
the neutron source in the neutron house, connecting the linear ampli-
fier discriminator output to one of the scalers and determining the count-
ing rate. The neutron source was then removed from the house, and 
background recorded with the counter high voltage supply turned on. In 
addition to checking for proper functioning of the counters and ampli-
fiers, this check enabled one to detect any noise or pickup that might 
be present in the system. Other checks included an inspection of 
the behavior of the high voltage monitor, measurement of gate length 
and duration, and observation of the beam knockout pulse waveform on 
the oscilloscope. An established procedure for adjusting the integra-
tor for correct functioning was followed. 
For threshold measurements using the transmission ionization 
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chamber, the transmission chamber was located in the beam and just 
ahead of the second collimator. The electronic components were con-
nected as shown in Figure 9. A range of energies of about two Mev was 
selected so that the threshold value (which was known approximately) 
was located near the middle of this range. Background was first re-
corded by taking data at integrator energy setting intervals of from two-
tenths to four-tenths of one major scale division and repeating all 
points one or more times. (Each major integrator division is roughly 
equilavent to 0.7 Mev~) The sample was then inserted into the house, 
and the above procedure repeated, except that data were taken at in-
tegrator intervals of 1/10 division in the immediate vicinity of thres-
hold, and at 2/10-division intervals elsewhere. Data recorded for each 
point consisted of the following: integrator setting, transmission 
chamber dosage, duration of bombardment at this setting, and number 
of counts registered by the scaler. Sample description, neutron 
counter supply voltage, amplifier gain and discriminator setting, gate 
length, and gate delay were also recorded for each threshold determina-
tion. In order to check for consistent operation of the equipment, a 
reference integrator setting was selected (somewhat above threshold), 
and data were taken at t~is reference setting after about each four points 
of the yield curve. A point on the yield curve consisted of a plot of 
number of counts per unit transmission chamber dosage versus the 
integrator "dekapot" setting. After the completion of the data record-
ing with the sample in the house, the sample was removed, and the 
background procedure repeated. 
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For threshold measurements using the energy and scaler switching 
device {Newkirk method) the electronic components were connected as 
shown in Figure 8. The local energy set 11helipot11 in the switching 
circuit was set, and locked, at a reference energy well above threshold. 
The procedure in taking data was similar to that described above, except 
that since two scalers were used, the counts registered by both scalers 
were recorded for each point, i.e .. , the counts at the variable "dekapot11 
energy setting and the counts at the fixed 11helipot11 reference energy 
were both recorded. A point on the yield curve thus consisted of the 
ratio of the number of counts at the variable energy to the number of 
counts at the reference energy (with the ratio normalized to a conven-
ient value) plotted versus the 11dekapot11 setting. With the scalers, 
timer, and integrator grouped around the synchrotron control desk one 
operator could operate the synchrotron and take data, although data 
could be taken somewhat more rapidly by two workers. The control 
desk oscilloscope was equipped with a dual sweep which facilitated the 
display of the gate, output pulses, or knockout pulse simultaneous! y with 
the synchrotron beam display. 
3. Correction for deuterium threshold 
The synchrotron radio frequency oscillator was held at 170. 3 mega-
cycles for each threshold measurement. Thus, the electron orbit radius 
was fixed at 28. 02 centimeters for all elements studied, with one ex-
ception. This exception was deuterium whose threshold is slightly below 
the energy at which the synchrotron phase of operation begins. The 
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synchrotron therefore operated in the betatron phase for the deuterium 
threshold determination, and the electron orbit radius was not neces-
sarily 26. 77 centimeters. 
It was noted on page 12 that Equation 9 must be modified if the elec-
tron orbit radius differs from the mean radius of the integrator pickup 
loop. The momentum of the electron is proportional to the product of 
the orbit radius and the magnetic induction, as expressed by Equation 7. 
Thus, when the electron orbit changes, the momentum changes for two 
reasons: a) the radius of curvature changes, which changes the associ-
ated momentum, and b) the magnetic field changes, since it is inversely 
proportional to the radius raised to the nth power, where n is the 
magnetic field falloff index. 
In order to make the above argument more quantitative, one can re-
write Equation 6 as 
(17) 
where B. is the magnetic induction at the integrator loop (of radius r .). 
1 1 
Equation 7 can now be rewritten as 
B = _E._ (18) 
e er 
e 
where B is the field at the electron orbit radius and r is the orbit 
e e 
radius. Proceeding in a manner similar to before, one obtains 
(19) 
But (20) 
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Therefore, substituting Equation 18 into Equation 20, and solving for p , 
one has 
where 
p = B.er [ r el 
1 e r.j 
1 
= er .. 
1 
But, from Equation 19 
-n re] 1-n 
= K 3B. [-1 r. 
1 
Combining Equation 22 with Equation 21 yields 
or, 
(21} 
(22) 
{23) 
(24) 
Although the radius of the integrator pickup loop has been chosen as 
the reference radius in the above treatment, it is not at all necessary 
to use this particular radius as the reference radius. Thus, if one 
designates the reference radius and corresponding magnetic induction 
by r and B , respectively, and proceeds exactly as above, the result-
a o 
ing equation which replaces Equation 24 is 
(24a) 
In fact, in this experiment, one should regard the 28. 02 centimeter orbit 
radius, corresponding to the 170. 3 megacycle setting of the synchrotron 
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r. £. oscillator, as the reference radius, since this is the electron radius 
at which the integrator calibration curve will indicate correct momenta, 
with no correction needed. 
It is now apparent that for the more general case in which the electron 
radius does not equal the reference radius, the true momentum of the 
electron must be corrected by the factor multiplying p on the left side 
of Equation 24a in order to obtain the apparent momentum p. which is 
1 
indicated from the integrator setting. For the important special case 
in which the electron orbit radius equals the reference radius ri, the 
integrator indicates the correct momentum directly. 
The betatron orbit radius was measured by employing the method 
used by investigators at the University of Michigan (47) and later by 
members of the Midwestern Universities Research Association Techni-
cal Group (48). This method consists of applying radio frequ~ncy 
oscillations to field-producing electrodes in the immediate vicinity of 
the electron orbit and varying the frequency until the electron beam 
is partially destroyed by resonance excitation of the betatron oscUla-
tion. In the present investigation electrodes were placed inside the 
electron acceleration chamber, above and below the plane of the elec-
tron orbit. Thus, the vertical betatron oscillation was excited. A 
quarter wavelength coaxial line was used to deliver power from the r. f. 
oscillator to the electron acceleration chamber. 
The expression relating the r. f. knockout frequency fko' the verti-
cal betatron oscillation frequency f , and the electron going-around 
z 
frequency f is 
0 
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pfk + qf f = mf , 
0 0 z 0 
where p, q, and m usually have the values 0, 1, or -1. 
can be found from 
1 
f = n 2 
z 
(25) 
TIE value of f 
z 
{26) 
where n is the falloff index of the synchrotron magnetic field at the 
electron orbit. Equation 25 can be solved simultaneously with 
v(E) 
fo = 21rr (27) 
to obtain the value of the electron orbit radius r . In Equation 27 the 
quantity v(E) is the electron's velocity as a function of i ts energy. Using 
the radius of the betatron orbit at the threshold energy for the deuterium 
(y, n) reaction, as obtained from Equation 27, with the radius of the 
electron orbit during the synchrotron phase of operation, the corrected 
electron momentum to be assigned to the deuterium threshold deter-
mination was obtained by use of Equation 24a. 
The value of the falloff index n was measured by repeating the above 
procedure at an energy sufficiently high for the synchrotron phase of 
operation to be in effect and again making use of Equations 25, 26, and 
27. 
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III. ANALYSIS OF DATA 
The photoneutron threshold experiments were performed more than 
once for some of the nuclides studied. In each case the counts and beam 
dosages were totaled for each integrator setting, and the neutron yield 
in the vicinity of threshold was plotted from these totals. Counting statisti-
cal errors were computed for backgrounds as well as for yields in the 
presence of the samples. Both total and background yields were plotted 
on the same graph for each nuclide. The background was then sub-
tracted from the total yield and the net counts per unit dose were plotted 
as a function of the integrator "dekapot11 setting. The approximate 
threshold integrator setting was located by inspection of this graph. A 
horizontal straight line was passed through the points below threshold by 
the method of weighted least squares. A least squares fit was also 
mad.e for points just above threshold. The intersection of. these two 
straight lines was taken as the threshold value in integrator setting 
units. Only points below any break (above threshold) or pronounced 
' curvature in the yield curve were included in the least squares fit. The 
one or two points in the immediate vicinity of threshold were omitted 
from the least squares analyses. For a few cases, breaks slightly above 
threshold were of interest, and the inter section of the two straight line 
segments {as determined by least squares fits) on either side of the 
break was taken as the integrator setting value for the break. 
Standard errors were as signed to all threshold values by taking into 
account the contributions due to integrator drift, statistical counting 
errors, and background errors. 
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For the elements in which both beam monitoring methods were used, 
all data were processed and plotted separately for the two methods. The 
final threshold assigrunent was obtained from the weighted mean of the 
results obtained by the two methods. 
In order to obtain the integrator calibration curve, the binding energy 
of the last neutron was calculated for all nuclides studied, except 
bismuth. These binding energies were calculated from precision mass 
spectroscopy data, combined (where necessary) with Q values obtained 
from beta decay energy measurements. Mass data available for bismuth 
were not considered to be accurate enough to include this element as a 
calibration point, so bismuth was regarded as an unknown whose photo-
neutron threshold was measured by use of the calibration curve obtained 
for the integrator. Three other elements (phosphorus, yttrium, and 
vanadium) were not used to establish the calibration curve, since am-
biguities arose in identifying their thresholds. They provided interesting 
and instructive results, however, as will be discussed later. Electron 
momenta were calculated from the calculated neutron binding energies, 
and these momenta were plotted versus integrator setting to obtain the 
calibration curve. Momentum was plotted, rather than kinetic energy, 
because the relation between momentum and integrator setting is linear, 
as is seen from Equation 10, while the relation between kinetic energy 
and integrator setting is not linear. Thus, by plotting momentum, the 
weighted least squares method could be used to fit a straight line 
through the points. Furthermore, the resulting calibration curve can 
be readily extrapolated to :bower momentum values than were included 
in the calibration points. 
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IV. RESULTS AND DISCUSSION 
Threshold curves for all nuclides studied are shown in Figures 13-27. 
The top graph, in each case, shows counts/unit dose without back-
ground subtracted out. Background is also shown as a dashed line. The 
lower graph shows the counting rate with background subtracted out. 
The solid line indicates the portion of the curve in which the least 
squares fit was made, while the broken portion was drawn in by in-
spection and did not enter into the threshold assignment. Thresholds for 
lithium, praseodymium, and bismuth were determined using both the 
transmission chamber beam monitor and the Newkirk method, and one 
figure is devoted to each method for these three cases. Only the trans-
mission chamber method was used for the remaining nuclides. 
The photoneutron yield, with background subtracted out, fell to the 
immediate vicinity of zero for integrator settings below thrflshold in 
all cases except lithium 7, copper 63, and yttrium metal. No separated 
isotope samples (with the exception of deuterium) were used, so more 
than one isotope was present in each sample. For most of the elements 
studied the isotopic abundance was very nearly 100%, so that photo-
neutron yields from all other isotopes would be expected to be negligible. 
In the cases of lithium and copper this was not true, however. Thus, 
the photoneutron yield for lithium would be expected to remain above 
background level below the lithium 7 threshold, due to the yield from 
lithium 6, whose threshold is about 3 Mev below that of lithium 7. 
Figures 14 and 15 show that the yield below the lithium 7 threshold does 
remain above background, as one would expect. A similar argument 
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Figure 19. Manganese photoneutron threshold 
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Figure 20. Copper 65 and copper 63 (upper break) thresholds 
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Figure 21. Yttriwn photoneutron threshold. Metal sample 
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Figure 22. Yttrium photoneutron threshold. Oxide scunple 
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Figure 24. Praseodymimn photoneutron threshold using 
transmission chamber as beam monitor 
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Figure 25. Praseodymiw:n photoneutron threshold 
u-si,ng Newkirk method 
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Figure 26. Bismuth photoneutron threshold using 
transmission chamber as beam monitor 
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Figure 27. Bismuth photoneutron threshold 
using Newkirk method 
120 
12.0 
71 
applies in the case of copper 63, since the threshold for copper 65 is 
about 0. 8 Mev below that for copper 63. Figure 20 shows two breaks m 
the yield curve for copper. The lower break is interpreted as due to the 
copper 65 photoneutron threshold and the upper break as due to the 
copper 63 threshold. 
Yttrium 89 is of essentially IOO% abundance in natural yttrium, so 
the above argument does not apply for this case. Reference to Figures 
21 and 22 reveals that the photoneutron yield remained well above back-
ground in the case of the metal sample and slightly above background 
for the oxide sample. Chemical analysis of the yttrium metal sample 
showed 0. 41% zirconium and 0. 08% iron present as impurities. The 
relatively high zirconium content was attributed to the fact that the 
yttrium metal was prepared in a zirconium crucible. Since both zir-
conium and iron have several isotopes, some of whose photoneutron 
thresholds are below that of yttrium, it is felt that the zirconium, and 
perhaps to a certain extent, the iron, account for the yield remaining 
above background in the case of the yttrium metal. One possible ex-
planation for the yield remaining slightly above background in the case of 
the yttrium oxide is that the sample scattered photons from the syn-
chrotron beam into the paraffin of the neutron house with resultant 
photoneutron reactions with the small amount of deuterium and chemi-
cal impurities in the paraffin. Some of these neutrons could enter the 
counters and be detected. 
The measured thresholds, in integrator units, for all nuclides studied, 
together with the synchrotron beam monitor method used, are given in 
78 
Table 3. The last two columns show the weighted average threshold for 
each nuclide and the associated standard error, respectively. The 
ground state spin and parity change and binding energy of the last 
neutron, as calculated from mass data and beta decay Q values are 
given in Table 4 for all nuclides, except bismuth. As was mentioned 
previously, the mass of bismuth is not known with sufficient accuracy 
to use it as a calibration point '?n the integrator curve. Table 5 gives 
the calculated last neutron binding energy, electron momentum, and 
measured photoneutron threshold for each nuclide (except bismuth). 
Of these nuclides, phosphorus, vanadium, and yttrium were rejected 
for use as calibration points on the integrator curve. A preliminary 
calibration curve showed the apparent phosphorus threshold to fall 
several hundred Kev/ c off the curve, so it was felt that perhaps the 
true threshold was not seen, but rather an excited level tran~ition. 
Although the apparent threshold for vanadium fell close to the pre-
liminary curve, if one assumed the apparent threshold to be due to 
the transition to the first excited level of vanadium 50 the point fell 
almost exactly on the curve, so there was some doubt as to whether 
this observed apparent threshold was due to a transition to the ground 
state. Yttrium was not used as a calibration point because, although 
a break was observed at a point which fell near the curve, the break 
was rather weak. A stronger break appeared to the right of the weaker 
one (see Figures 21 and 22), and appeared to be due to the relatively 
favored transition to the 0. 394 Mev excited level of yttrium 88. This 
will be discussed further after presentation of the integrator calibra-
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tion curve. 
The broken line in Figure 28 shows the integrator calibration curve, 
which was obtained by plotting the electron momentum, as calculated 
from mass data and Q values, versus the integrator "dekapot" setting 
for the eight nuclides shown. The straight line was pas sed through the 
points by a weighted least squares analysis. All points are for a 
synchrotron r. f. oscillator setting of 170. 3 megacycles which cor-
responds to an electron radius of curvature of 28. 02 centimeters. The 
momentum used for deuterium was the value corrected for the betatron 
orbit radius being different from the abov~ radius. This value is 
designated by an * in Table 5, and represents a correction of 11 Kev/ c. 
The equation of the line is of the form, p = a+ bi, where p and I are 
the momentum and integrator setting, respectively. The parameters 
a and pare the momentum intercept and slope, respectively. The 
values found were: a = -{0. 46 ± 0. 2) Mev/ c, and b = 0. 7 369. 
As was mentioned in the section on the correction for the deuterium 
threshold, it was neces~ary to measure the fall-off index n of the 
synchrotron magnetic field in order to determine the radius of curvature 
of the betatron orbit. This measurement, using the vertical betatron 
oscillation excitation, yielded a result of n = 0. 70. Subsequent measure-
ments by Griffin and Bureau {51), in which the radial betatron oscilla-
tions were excited, also gave the above value for n. The value of the 
betatron orbit radius at the deuterium threshold energy, using this 
value of n in conjunction with the results of the r. f. knockout experi-
ment, was found to be 27. 64 centimeters. 
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It is of interest to note that two methods have been used in this Lab-
oratory to measure the radius of curvature of the betatron orbit. In 
addition to the Michigan r. £. knockout method, already described, an 
experiment has been performed by Bureau (52) in which the frequency 
of the synchrotron r. f. oscillator was lowered until electrons in the 
betatron phase were accepted by the synchrotron phase of operation 
when this second phase started at a time corresponding to the energy 
setting of interest {the deuterium threshold, in this case). Thus, 
knowing the r. f. oscillator frequency and the energy, Equation 27 
could be applied to obtain the electron orbit radius of curvature. 
This method yielded an orbit radius equal to 28. 07 centimeters, which 
is in good agreement with the value 27. 64 centimeters obtained by the 
Michigan method. 
The solid line in Figure 28 shows a modified integrator calibration 
curve in which an additional point is included. This point is based 
upon a measurement recently made by Bureau and Holland {53) in this 
Laboratory. The measurement consisted of accurately determining the 
synchrotron electron injection potential by means of a voltage divider 
network in the injection circuit, followed by displaying the injection 
pulse time upon an oscilloscope, along with the integrator output pulse. 
The integrator "dekapot" was adjusted until the two pulses occurred at 
the same time with respect to the synchrotron zero time. Thus, a 
point relating electron kinetic energy (and hence momentum) to integra-
tor setting was obtained. This point was found to be a momentum of 
0. 249 Mev/ c corresponding to an integrator setting of 0. 49 integrator 
85 
units. A weighted least squares straight line fit to the injector point and 
the eight threshold points was performed, considering the measured 
injector point to be accurately known. This gave a momentum intercept 
of -0. 100 Mev/ c and a slope of 0. 7129. This latter calibration curve 
is believed to be somewhat more nearly correct than the former, 
because the energy of the injection point could be measured to an esti-
mated accuracy of:!." 5%, and so by virtue of the proximity of this 
point to the momentum axis, the momentum intercept would be deter-
mined to within a few Kev/ c compared to some 200 Kev/ c, using the 
dashed line curve. 
Figure 29 shows a portion of the integrator calibration curve upon 
which the previously mentioned doubtful cases of vanadium, yttrium, 
and phosphorus have been plotted. The open circles denote assumed 
ground state transitions, while the blackened circles denote assumed 
transition to the first excited level of the daughter nucleus. Only one 
break was observed for vanadium and for phosphorus; hence, the single 
abscissa value in each case. For yttrium, the two points are for the 
two breaks in the yield curve. 
Table 6 shows the spin and parity values for the ground state of the 
parent nucleus and for the ground state and first excited level of the 
daughter nucleus. From this table it appears that the two yttrium -
points have been correctly plotted in Figure 29, since the transition to 
the first excited level is favored by virtue of the considerably smaller 
spin change which then is involved. In fact, yttrium was selected as a 
sample because its favored transition to the first excited level suggested 
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Table 6. Ground state and parity values for 
vanadium, yttrium, and phosphorus 
Ground state First excited level 
Nuclide Spin Parity Energy Spin Parity 
(Mev} 
V51 7/2 
v50 6 + 0.226 ? ? 
y89 1/2 
y88 4 0. 394 1 + 
31 1/2 + p 
30 1 + 0. 685 0 + p 
0.707 1 + 
that the true threshold might not be observed at all. This proved not to 
be the case, but the threshold break was found to be rather weak, as one 
would expect from its inhibited ground state transition. 
Unfortunately, the spin and parity of the 0. 224 Mev first excited 
level of vanadium 50 are not known, so one is unable to say whether the 
transition to this excited level is favored over the ground state transi-
tion. The excited level is not far above the ground level for vanadium 
50 which makes the decision even more difficult. It would seem, how-
ever, that one can tentatively identify the observed break as due to a 
transition to the first excited level of the daughter. 
The case of phosphorus is quite puzzling. This threshold was 
measured three times, with essentially the same results each time. The 
tra"Q.sitions to the ground state and to the first excited level (the 0. 685 
88 
and 0. 707 Mev levels will be treated as a single level, since one cannot 
expect to resolve them with the present experimental setup) appear to 
be equally favored, so one does not feel justified in attributing the ob-
served break to the transition to the excited level as Tobin and co-
workers (20) have done in the case of germanium. Perhaps an 
examination of the relative probabilities of exciting the parent nucleus to 
various levels would prove helpful in understanding the results for 
phosphorus. 
Both calibration curves in Figure 28 were used to convert the 
measured bismuth threshold into momentum and kinetic energy units. 
The results, using the unmodified {broken line) calibration curve are: 
+ + p = 7. 811 - 0. 07 Mev/ c, and T = 7. 32 - 0. 07 Mev. Using the modified 
calibration curve the results are p = 7. 899 ~ 0. 05 Mev/ c, and T = 
+ 7. 40 - 0. 05 Mev. The errors in these results include contributions 
from both the determination of the bismuth threshold and the uncertainty 
in the calibration curve which, in turn, resulted from the independent 
errors associated with the several threshold determinations upon which 
the calibration curves are based. The values obtained are not incon-
sistent with each other, since the errors overlap. The value T = 
7. 40 Mev, obtained from the modified curve is judged to be the more 
nearly accurate of the two values, because, as has been mentioned 
.. 
previously, the injection calibration point enhances the reliability of 
the calibration curve. The above bismuth threshold value may be com-
+ + pared to the values of 7. 40 - 0. 03 and 7. 43 - 0. 05 Mev cited by Chidley 
and co-workers (18). 
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